ABSTRACT: Many structural, behavioral, and pharmacological interventions imply that favorable treatment effects in musculoskeletal pain states are mediated through the correction of muscle function. The common theme of these interventions is captured in the popular idea that structural or psychological factors cause muscle hyperactivity, muscle overwork, muscle fatigue, and ultimately pain. Although symptoms and signs of motor dysfunction can sometimes be explained by changes in structure, there is strong evidence that they can also be caused by pain. This new understanding has resulted in a better appreciation of the pathogenesis of symptoms and signs of the musculoskeletal pain conditions, including the sequence of events that leads to the development of motor dysfunction. With the improved understanding of the relationship between pain and motor function, including the inappropriateness of many clinical assumptions, a new literature emerges that opens the door to exciting therapeutic opportunities. Novel treatments are expected to have a profound impact on the care of musculoskeletal pain and its effect on motor function in the not-too-distant future.
Introduction
This review provides readers with an analysis of newer data that challenge the didactic and clinical dogma of musculoskeletal craniofacial pain. It examines the extent to which newer findings support the traditional thinking or, alternatively, promote the formulation of promising treatment targets for patients with persistent craniofacial pain and mandibular dysfunction.
Many of the traditional theories that are used to explain the clinical phenomenon of musculoskeletal pain involve nebulous descriptions like muscle hyperactivity, muscle spasm, and overwork (Ramfjord and Ash, 1983; Solnit and Curnutte, 1988) . According to the best available studies involving craniofacial muscle, treatments that are based on the rationale of correcting muscle hyperactivity, muscle spasm, and overwork show remarkably high success rates, ranging from 70 to 90% Laskin, 1974, 1983; Carraro and Caffesse, 1978; Dohrmann and Laskin, 1978; Nel, 1978; Heloe and Heiberg, 1980) . However, clinically observable success cannot be used in support of the validity of the 'hyperactivity, muscle spasm, and overwork' theory. From a scientific point of view, other modes of action cannot be excluded.
The fact that a wide range of structural, behavioral, and pharmacological interventions produces similar success rates puts the specificity of their respective treatment targets into question. Alternatively, unspecific treatment effects and/or patients' features that increase the likelihood of a favorable outcome should be used as an explanation for success. It is important to recognize that the 'hyperactivity, muscle spasm, and overwork' construct does not provide justice for the worst-case scenario of persistent and disabling motor function, encountered by 10 to 30% of subjects for whom a favorable treatment response is not achieved. If nothing works, the 'muscle hyperactivity, muscle spasm, and overwork' construct provides no other explanation than to blame the patient for not being able to adapt despite the skilled work being provided to him or her.
Regardless of the established clinical mores and strong, often emotionally charged views held by many working in the field, new understanding is not likely to emerge if historical data are sought to answer unresolved questions. Instead, scientific advances are needed to support the development of therapies that take into account the heterogeneity in disease manifestation, treatment need, and response. A case can also be made for re-examining the validity of the theories that are being used to justify the available treatments.
Painful jaw motor conditions represent one form of several motor disorders affecting the craniofacial system. Movement disorders including forms of oral-facial hyperkinesia, hypokinesia, dyskinesia, bradykinesia, dystonia, myoclonus, and tics are beyond the scope of this review. Also, mechanical impediments that cause obstruction to mandibular movement will also not be discussed in this article. While newer studies provide convincing evidence that women are more likely to be affected by persistent craniofacial pain than men, the limited information available on gender-specific aspects of motor function does not allow for any systematic consideration of this matter at this time.
Problems Encountered by Clinical Research
Because mandibular dysfunction and pain are expressed simultaneously, a complete understanding of the nature of the link between these clinical features cannot be obtained from the study of clinical material. Although the study of clinical cases provides valuable data of a phenomenological nature, observations of pain and motor dysfunction in clinical material are also confounded by significant case heterogeneity that is rarely acknowledged. This heterogeneity in the clinical material is reflected in differences in etiology, pain distribution, mood, gender effects, impact, and previous treatment effects. For many years, the craniofacial musculoskeletal conditions were lumped under the term of "TMJ dysfunction" or a similar designation, with clinical research rarely acknowledging the existing case diversity. While pain, with few exceptions, is a central feature of these conditions, different etiologies may be in effect. On the other hand, shared disease and protective-adaptive processes appear to be responsible for the overlapping symptoms and signs of these musculoskeletal pain conditions (Lund and Sessle, 1994) .
Important in guiding research and the conceptual understanding were recent attempts to produce a logical taxonomy for the temporomandibular (TM) disorders (Dworkin and LeResche, 1992) . From a phenomenological point of view, three major diagnostic subsets are distinguished: (1) the masticatory muscle disorders, (2) disk interference disorders, and (3) the TM joint arthritides. This distinction appears to be justified by discrete differences in presentation and perceived differences in the clinical course between subsets. From a research perspective, there is concern about the delineation of these subsets including conditions like headaches. The fact that diagnostic assignments to subsets of TM disorders are often not stable over time (Huggins et al., 1996) constitutes another concern.
Matters are further complicated by factors that are often overlooked in clinical studies. The spatial pain distribution, pain intensity, temporal aspects of pain, and mood are factors that likely affect motor function. It is essential to distinguish between patients with recently acquired pain from patients with long-established persistent pain. Individual pain distribution of musculoskeletal craniofacial pain falls into one of three clusters that consist of (a) the region involving the trigeminal dermatomes, (b) the trigeminal and upper cervical dermatomes, and (c) pain sites in addition to those listed above (Turp et al., 1998a) . Because patients with TM disorders and widespread pain were least tolerant of pain experimentally induced by cutaneous electrical stimulation over the masseter muscles (Hagberg, 1991) , differences in peripheral mechanisms and/or central neural processing between subjects with different pain distributions should be expected.
Regardless of the diagnostic subset, the worst scenario consists of cases with chronic disabling pain and dysfunction. For milder and episodic forms, the impact of the condition constitutes more a nuisance than a burden. Consequently, the treatment need of mild and episodic forms is minimal to none. On the other hand, many patients with persistent pain continue to suffer and, in the search for cures, become desperate for explanations about what has happened to their lives. Analysis of the treatment-seeking patterns of 206 consecutive patients of a university-based tertiary care clinic showed that, on average, 4.9 providers from 44 different health care disciplines were consulted prior to the referral. About 28% of patients were dissatisfied or very dissatisfied with the care they received, making it clear that much needs to be done before the population of persistent sufferers is served satisfactorily (Turp et al., 1998b ).
Persistent pain is also accompanied, to various degrees, by functional limitations and restrictions in daily activities (Hawley and Wolfe, 1991; Von Korff et al., 1992; Hazard et al., 1994; Tesio et al., 1997) . It is not surprising that for patients with TM disorders, the bodily pain distribution contributes to the level of disability. Cases with pain restricted to the head and neck show lower disability scores than presentations involving widespread pain (Turp et al., 1997) . Various levels of suffering, frustration, decreased self-esteem, depressive pre-occupation, increased use of medications and health-care services, reduced patient autonomy, high disability-related expenditures, loss of productivity, and reduced quality of life further emphasize the heterogeneity among clinical cases (Turk, 1996) .
Explanatory Models
For almost one century, abnormal muscle function leading to muscle overwork and muscle fatigue has been regarded as a cause of pain (Hough, 1902; Asmussen, 1956; Abraham, 1977; Howell et al., 1985) . This basic idea has been adopted by a variety of etiological constructs that view abnormalities in either structure, posture, movement, stress, or other psychological disturbances as cause for muscles to work harder so that they become
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Range of Motion + Figure 1 . Principal features of the Pain-Adaptation Model (modified from Lund et al., 1 991). In the presence of noxious afferent input to the motor program and brainstem interneurons, the model predicts a decrease in muscle strength in concentric muscle work and reduced range of motion due to co-contraction of extensors during eccentric muscle work. In the absence of movement, no significant effect on omotoneurons is expected. Key elements in the described mechanisms are excitatory and inhibitory interneurons that act on the oc-motoneurons. 1, E = inhibitory, excitatory premotor nociceptive interneurons; ot = ot-motoneurons; + refers to excitation, -to inhibition.
fatigued. Many disciplines have adopted this basic construct to justify their treatment. As far as dentistry is concerned, the need to change the dental occlusion was considered essential for the elimination of pain (Solnit and Curnutte, 1988) . When the idea of muscle overwork and fatigue was combined with that of pain causing muscle hyperactivity or muscle spasms, the popular Vicious Cycle Theory (also referred to as the "pain-spasm-pain theory") came into existence to account for the persistence of pain through a mutually reinforcing, vicious link between pain and muscle hyperactivity (Travell et al, 1942) .
Despite questions of its validity (see below), the continuing popularity of the Vicious Cycle Theory is believed to be due to the fact that treatment foci are conveniently chosen and justification for re-treatment is readily offered in situations in which the problem persists. As far as the communication with patients is concerned, the reasons for treatment, treatment targets, and additional treatment needs are easily explained and readily understood. The theory is convenient insofar as it provides an explanation for both favorable and unfavorable treatment outcomes. The favorable treatment response is explained by the correction of either the structural or psychological disturbance. Alternatively, treatment failure occurs due to the provider's inability to correct the abnormality or the patient's inability to adapt to the corrected situation. Escalation of treatment is justified by the need to break the vicious cycle.
In an attempt to resolve matters of incompatibility of the pain-spasm-pain theory with clinical facts, "overlapping referred pain patterns of trigger points" have been proposed to explain the absence of electromyographic (EMG) ./z I*<+ myofascial trigger points and palpable taut bands. An important aspect of the revised theory consists of the proponents' claim that marked reduction in the tenseness of the taut bands occurs after the effective inactivation of a trigger point, because an inactivated taut band supposedly restores normal function to the sarcoplasmic reticulum (Simons and Mense, 1998) . However, given the unreliable assessment of taut bands (Wolfe et al., 1992) , the usefulness of this recent revision of the pain-spasm-pain theory from both a research and management perspective appears problematic. This is further supported by the low inter-rater reliability of trigger point assessments in the lower back (Nice et al., 1992) in a region that is unquestionably more favorable for tissue assessment than the craniofacial complex. Rather than endorsing a specific treatment, the PainAdaptation Model formulated by Lund and co-workers (1991) was supposed to account for all known changes of motor function in situations of pain. For reasons of construct validity, the explanatory model needed to acknowledge that (1) pain has general effects that include changes in posture and facial expressions, (2) motor effects are independent of the type of tissue in which pain arises, (3) reduced agonist muscle output is encountered in concentric (shortening contraction), muscle work, and (4) co-contraction of muscle antagonists occurs during muscle extension . The principal features of the Pain-Adaptation Model are illustrated in Fig. 1 . In the presence of nociceptive input to the motor program and brainstem interneurons, the model predicts a decrease in muscle strength in concentric muscle work and a reduced range of motion and slowing of movement due to antagonistic co-contraction of extensors during eccentric muscle work. In the absence of movement, no significant effect on o-motoneurons is expected. Key elements in this hypothetical model are excitatory and inhibitory interneurons that act on a-motoneurons. An elegant and detailed presentation of the Pain-Adaptation Model is offered in a recently published text (Lund and Sessle, 1994) . Unlike the Vicious Cycle Theory, in which the dysfunction constitutes a maladaptive behavior that is essential to the development of pain, the Pain-Adaptation Model regards painrelated changes in motor function as serving an adaptiveprotective purpose.
While the Vicious Cycle Theory provided a construct for guiding the clinician, the Pain-Adaptation Model was formulated to generate hypotheses and to stimulate research into the relationship between pain and motor function. Based on this perspective, this review will extend the findings of previous critical reviews Lund and Stohler, 1994) with respect to the extent to which research findings are consistent with the key assumptions of the Vicious Cycle Theory or predictions of the Pain-Adaptation Model.
Pain and Postural Muscle Activity
It is a common experience that heavy, fatiguing, or unaccustomed, particularly eccentric (lengthening contraction), muscle work causes tissue injury and pain. Postexercise muscle soreness (PEMS) represents an example of work-induced damage, and the resulting inflammatory response appears to be different from straight tissue injury (Newham et al., 1983a,b; Jones et al., 1987 Jones et al., , 1989 Nosaka and Clarkson, 1996) . The suggestion has been made that some forms of bruxism, oral habits, and certain movement disorders, such as spasmodic torticollis or myoclonus, may produce PEMS . On the other hand, the observation of seriously worn teeth in the absence of pain suggests that heavy exercise does not inevitably result in pain. Masticatory muscles can adapt to years of physical exercise by becoming resistant to fatigue (Farmand and Rowlerson, 1985) . Furthermore, not every pain case will experience an aggravation of pain with exercise. Although the exacerbation of pain with chewing might be expected in myofascial pain patients, pain increases in only about half of subjects; a decrease of pain was reported by about one-third of the study participants (Dao et al., 1994) .
Post-exercise muscle soreness represents an interesting model for the study of the relationship between pain and muscle activity, because it allows for measurements in the same subject of both the presence and absence of pain. Within-subject comparisons circumvent the difficulties with the assembly of matched pairs. Contrary to the prediction of the Hyperactivity-Vicious Cycle Theory, increased resting muscle activity is not found in comparisons of measurements before and after heavy exercise that caused soreness (Newham et al., 1983a; Howell et al., 1985; Jones et a!., 1987) . As far as bruxers are concerned, there is no difference between the resting muscle activity levels in subjects who report pain and those who do not (Sherman, 1985) .
Contrary to the popular assumption, the evidence further suggests that other common pain conditions do not exhibit signs of resting or postural muscle hyperactivity. Studies that included age and sex-matched controls question this assumption for chronic lower back pain (Hoyt et al., 1981; Collins et al., 1982; Ahern et al., 1988; Geisser et al., 1995) , fibromyalgia (Zidar et al., 1990) , and tension-type headache (Sutton and Belar, 1982) . Specifically, there is no consistent relationship between pericranial electromyographic (EMG) activity levels and the presence or absence of headache, or the time course of the headache (Schoenen et al., 1991) . Mean EMG activity levels that were acquired during exposure to a mental stressor also do not appear to be of any significance for the subsequent development of pain in shoulder, neck, and facial regions (Bansevicius et al., 1997) , and the idea that the reduction of paraspinal EMG activity constitutes the active ingredient of biofeedback therapy has also been questioned (Nouwen and Bush, 1984) .
Regarding the craniofacial complex, the matter is more complicated. Some studies involving subjects with TM disorders found greater resting muscle activities in pain patients than controls (Dahlstrom et at., 1985; Rugh and Montgomery, 1987) . Others were unable to document such differences (Majewski and Gale, 1984; Sherman, 1985) . This discrepancy can be explained by confounding factors, such as bruxism and the contamination of the electromyographic record by signals coming from the muscles of facial expression. With the greater prevalence of bruxers among patients with TM disorders than among healthy age-and sex-matched controls, muscle hypertrophy can be offered as an explanation for higher resting activities in pain groups than in controls. Indeed, differences in postural muscle activity between patients with TM disorders and age-and sexmatched controls disappear once the groups are balanced for bruxism (Sherman, 1985) .
Besides bruxism, there is a second point to consider. It deals with the function of the muscles of facial expression. Indication of the confounding effects of the muscles of facial expression comes from the fact that the resting muscle activity over the frontalis region is significantly higher in patients with lower back pain than in controls (Collins et al., 1982) . However, distant from the muscles of facial expression, such as over-painful trunk or limb muscles, levels of postural activity are not different from control values (Collins et al., 1982; Ahern et al., 1988; Zidar et al., 1990) .
As far as the human scalp is concerned, signals from facial muscles have been shown to contaminate the electroencephalogram in experimental jaw muscle pain (Veerasarn and Stohler, 1992) . Contrary to our earlier interpretation, we now believe that the platysma muscle was the source of the statistically significant increase in surface EMG activity of 1-2 [V over the sternocleidomastoid muscle following the induction of experimental pain (Ashton-Miller et al., 1990) . Indeed, innervated by the VIlth nerve, the platysma muscle has long been recognized as a muscle of facial expression (Darwin, 1873) . It needs to be emphasized in this context that there are also no published data linking changes in resting muscle activity of less than 1% of the maximum muscle output to the development of fatigue and pain.
Increases in resting muscle activity similar to those over the sternocleidomastoid muscle were recorded in the face over the masseter and temporalis muscles in experimental masseter pain. However, these increases did not prove to be specific to pain. The resting EMG recorded for subjects during the task of recalling the experience of pain in the head region had almost the same effect, and the two conditions, pain and pain from memory, could not be distinguished on the basis of the EMG record. Increases in surface EMG activity, averaged by subject and recording site, ranged from 0.53 to 0.70 jiV for genuine pain and from 0.63 to 0.91 RV for imagined pain .
There is good evidence that the surface EMG is sensitive to subtle psychomotor effects. Imagining happy or sad events or events of a typical day cause measurable differences in the EMG record of the corrugator muscles, regardless of whether subjects are depressed or not (Oliveau and Willmuth, 1979) . Different emotions evoke characteristic facial expression, with pain being one of them (LeResche and Dworkin, 1984; Craig and Patrick, 1985) . Indeed, facial expressions have long been recognized to provide important non-verbal cues to signal pain and to request understanding and sympathy (Darwin, 1873) . Greater pain affect amplifies the facial features associated with pain (LeResche and Dworkin, 1988) .
In summary, published evidence put into question the existence of resting or postural hyperactivity in situations of pain. Therefore, the rationale of treatments that are aimed at pain relief through the reduction of muscle hyperactivity is unsupported. This invalidates the rationale (not necessarily the treatment as such) of most treatments, including occlusal appliances and muscle relaxants, that are offered to patients to "eliminate muscle spasms or muscle hyperactivity". Unlike other parts of the body, the situation in the face is complicated by the fact that small increases in resting EMG activity can be linked to either muscle hypertrophy associated with bruxism or to effects of the muscles of facial expression that lie closely underneath the measurement electrodes.
Pain and Concentric Muscle Work
During forceful shortening contractions, muscle output in pain is less than in its absence. Support for this statement comes from two lines of evidence that consist of the comparison of the maximum voluntary contraction of pain subjects and (matched) controls, or investigations with subjects in pain or in the pain-free state. The available evidence further suggests that the motor behavior of a muscle in forceful concentric muscle work can be generalized in the sense that findings from the masticatory system are comparable with observations in other parts in the body.
Any finding of reduced muscle strength in pain is difficult to explain by 'muscle hyperactivity'. Attempts to consolidate the observation of reduced maximum output of muscles during concentric work with the Hyperactivity-Vicious Cycle Theory were based on the computation of relative strength (Moller et al., 1984 Figure 2 . Masseteric motor unit firing during jaw opening in the condition of pain. VAS refers to the subject's pain intensity rating on a scale with endpoints marked "no pain" (0) and "most intense pain imaginable"' (100). Note that the maximum voluntary jaw-opening movements became smaller with increasing pain intensities. In parallel, masseteric motor units fired at higher rates with increasing pain intensities, and units that did not fire at lower intensities were recruited at higher pain intensities (unpublished data).
1986b). Neck flexor peak force is significantly lower in the neck pain population compared with controls (Barton and Hayes, 1996) . Compared with baseline measurements, a 40% reduction in muscle strength of the elbow flexors was noted in PEMS (Howell et al., 1993) . Decreases in muscle strength were also reported for low back pain (Alston et al., 1966; Thorstensson and Arvidson, 1982) . In the lower limb, reduced strengths in the knee extensor muscles of fibromyalgia patients, or hip flexors of osteoarthritis patients, were found when measurements were compared with those from controls (Jacobsen and Danneskiold-Samsoe, 1987) . Because ulnar nerve stimulation produced similar force outputs in both fibromyalgia patients and controls, the reduction in muscle strength was attributed to either the lack of motivation due to fear of causing harm or the result of reflex inhibition by nociceptive afferents (Backman et al., 1988 (Helkimo et al., 1977) .
Maximum bite force is also reduced in pain following third molar extraction when compared with measurements taken prior to the surgical intervention (High et al., 1988) . When compared with placebo adjustments, a statistically significant reduction of the EMG activity of jaw closers in maximum biting was observed after the adjustment of orthodontic arch wires that caused pain (Goldreich et al., 1994 . Similar modifications of fictive mastication were also obtained with the infusion of hypertonic saline into the masseter of decerebrate rabbits at rates that cause pain in human subjects (Schwartz et al., 1993) . Given the decerebrate state of the experimental animals, these results support the premise of the brainstem exerting significant control in the modulation of motor function in the presence of noxious input. Overall, these findings further question the validity and usefulness of earlier mathematical constructs that attempted to consolidate the reduced muscle output during painful concentric muscle work with the Hyperactivity-Vicious Cycle Theory. On the contrary, a useful model should explain the reduced muscle output in painful concentric muscle work rather than attempting to construct evidence of hyperactivity that does not exist in the first place.
Pain and Eccentric Muscle Work
Contrary to concentric muscle work in pain, studies in humans show a tendency for muscles to become slightly more active during eccentric muscle work. Co-contraction during eccentric work would account for the slowing of movement during muscle extension or the limitation of the range of motion. Because the muscle activity associated with co-contraction is low, it is not easily visualized by surface electromyography given the range of signals, with postural activity being one extreme and maximum voluntary contraction the other. For surface electromyography, it has been suggested that logarithmic amplification is better suited to resolve the functional low and intermediate levels of activity while preserving the occasional high-level response (Stohler et al., 1985b) . While the response of eccentric muscle work to pain appears to apply to the masticatory system, neck, trunk, and limbs, confounding effects from the action of muscles of facial expression need to be considered when surface electrodes are applied in the face. To reduce the possibility of signal contamination from the muscles of facial expression or the likelihood of "crosstalk" from neighboring muscle agonists, in-dwelling electromyography should be considered whenever possible.
Statistically significant increases in EMG activity during eccentric muscle work have been reported in clinical studies of lower back pain (de Ceballos et al., 1986; Triano and Schultz, 1987; Ahern et al., 1988) , in muscles of the lower limb in saline-induced experimental pain (Graven-Nielsen et al., 1997) , and in clinical studies involving TM pain (Moller et al., 1984; Stohler et al., 1985a Stohler et al., , 1988 . Gait analyses show that decreased extension is significantly associated with increased pain (Hurwitz et al., 1997 (Obrez and Stohler, 1996) . In experimentally induced pain, significantly smaller vertical and lateral movement amplitudes were found in deliberate unilateral chewing in the condition of pain (Svensson et al., 1996) . When computer-controlled infusions of hypertonic saline were used to study the effect of pain intensity on jaw motor function (Zhang et al., 1993) , the maximum voluntary jaw-opening movements became smaller with increasing pain intensities. In parallel, masseteric motor units fired at higher rates with increasing pain intensities. In addition, motor units that did not fire at lower intensities were recruited at higher pain intensities (Fig. 2) .
There has been the suggestion that co-contraction of a small number of motor units in an otherwise quiescent muscle could produce a situation that is similar to postexercise muscle soreness. Support of the idea of overexertion of low-threshold motor units is limited and consists of the increased occurrence of "ragged-red fibers" in the trapezius of patients with shoulder myalgia (Bengtsson et al., 1986a; Larsson et al., 1988; Lindman et al., 1991 (1999) 510 and in clinical situations of craniofacial myalgia (Helkimo et al., 1975; High et al., 1988) . This can be explained by the fact that trigeminal neurons receive convergent inputs from skin, mucosa, muscle, bone, blood vessels, and teeth. Such input has also been shown to come from both sides of the head and the upper neck (Sessle et al., 1986; Dallel et al., 1990) . The fact that unilateral pain has bilateral jaw motor effects can be due to the projections of trigeminal interneurons to both ipsilateral and contralateral trigeminal motor nuclei (Moore and Appenteng, 1990; Donga and Lund, 1991) .
The integration of noxious input into jaw motor behaviors seems to occur, to a large part, in the brainstem. Brainstem interneurons have been shown to control temporal, spatial, and quantitative aspects of jaw muscle activity during natural orofacial behaviors (Westberg et al., 1995a,b) . This is further supported by experiments in decerebrate animals in which the motor output in the presence of noxious stimulation resembles the behavior of awake humans in pain. In decerebrate rabbits, heavy pressure on the periosteum of the zygoma reduces the frequency, amplitude, and mandibular velocities in mastication evoked by the electrical stimulation of the corticobulbar tract . A similar response was observed with the same experimental paradigm used during the infusion of hypertonic saline into the masseter muscle at rates that have been shown to cause pain in humans (Westberg et al., 1997) . For noxious input arising in parts other than the craniofacial complex, the corresponding mechanisms are assumed to occur at the level of the spinal cord.
Groundbreaking work by Lund's research team provides further indications regarding the integration of nociceptive input into the motor system. Because the frequency of fictive masticatory movements in the decerebrate rabbit is reduced during noxious stimulation Westberg et al., 1997) , projection of nociceptive input on neurons located in the midline of the reticular formation is assumed, since this area has been shown to be critical to the generation of the masticatory rhythm (Nozaki et al., 1986) . Neurons in the rostral trigeminal nuclei and adjacent reticular formation that integrate the rhythmic command, sensory input, and input from higher centers shape the bursts of the motoneuron. Some of these neurons change their firing pattern when hypertonic saline is infused into the masseter muscle (Westberg et al., 1995b (Westberg et al., , 1997 .
Peripheral changes in painful muscle could feasibly sensitize or excite large fiber afferents. In addition to the modulation of ox-motoneurons by nociceptive Group III and Group IV fiber input, the contributions of Groups Ia and 11 afferent input from muscle spindles or Group lb afferent input from Golgi tendon organs exists. One popular speculation in support of the Vicious Cycle Theory was based on the idea that nociceptors would excite fusimotor neurons, which in turn would cause muscle hyperactivity (Solnit and Curnutte, 1988) . However, the limited data on this matter do not support the idea that, in the end, an increased o-motorneuron drive occurs in response to experimentally induced pain in cats and man. Increased fusimotor drive was not observed in experimentally induced myositis of hindlimb extensors in anesthetized cats (Mense and Skeppar, 1991) . In humans with pain induced by hypertonic saline infusion into either the soleus or the tibialis anterior muscle, the amplitude of stretch reflex increases significantly as compared with before pain. However, the H-reflex amplitude is unaffected, and the excitability of ox-motoneurons remains unchanged (Matre et al., 1998) .
Unresolved Issues
The following experimental finding does not readily fit into the current formulation of the Pain-Adaptation Model and appears, at first impression, to be contradictory to some of the tenets expressed in this review.
Increases in the EMG activity of the jaw muscles occur soon after the injection of mustard oil into the TM joint in anesthetized rats. These increases occur during the first 7 to 8 mins and between approximately 15 and 30 mins following the injection of the small fiber excitant. This motor response is abolished by the pre-administration of local anesthetic into the site in which the noxious stimulation is subsequently applied (Yu et al., 1995) , or is attenuated by the intravenous administration of the non-competitive N-methyl-D-aspartate (NMDA) antagonist MK-801 (Yu et al., 1996) .
Inhibitory influences constitute the dominant response pattern to peripheral stimulation and activation of central structures. However, the reported increase in EMG activity (Yu et al., 1995) is suggestive of increased resting excitability of a-motoneurons of jaw-closing muscles. Because the increase in EMG activity is abolished by the administration of a local anesthetic prior to the inflammatory irritant, the response seems to be dependent on peripheral inflammatory processes linked to pain. Altered descending modulation of ascending nociceptive input in general anesthesia, resulting in an enhanced nociceptive transmission in neural brainstem networks, could be used as an explanation for these excitatory modulatory influences. Given the absence of muscle hyperactivity in awake humans in response to the infusion of hypertonic saline , the respective pathway, likely involving the trigeminal (V) subnucleus caudalis and other parts of the trigeminal brainstem complex, must be relatively ineffective in the intact state. Local, time-dependent tissue changes that occur with the accumulation of mast cells, neutrophils, 10(4504-18 1999 Crt Re Ora Bil Me 51 and macrophages and the development of edema could be responsible for the reported timing of the phenomenon. Overall, the results presented in this section do not appear to be contradictory to the predictions of the PainAdaptation Model, as the first impression might suggest.
Prolonged Painful Motor Function
Although not well-documented, it is common knowledge that pain has general effects on the motor behavior of the affected subject that can, in the worst case, involve inactivity of the affected body part. Other motor behaviors linked to pain include guarding, bracing, rubbing, grimacing, and positional shifts (Keefe et al., 1984; Follick et al., 1985; Keefe and Hill, 1985) . In the case of the masticatory system, it is feasible to assume that prolonged dietary restrictions due to pain could result in muscle deconditioning that leads to changes in the viscoelastic property of the connective tissue scaffold and/or the contractile elements of muscle.
The question arises whether the consequences of presumed muscle deconditioning could contribute to the clinical presentation in the form of second-order effects, since muscle cells have been shown to regulate their corresponding motoneuron. Indeed, muscle conditioning changes the response properties of related motoneurons to growth factors, influences the state of mature synaptic junctions, and affects the rate by which certain proteins are synthesized at the levels of both neuron and muscle cell. In the periphery, inactivity causes clinically observable muscle atrophy (Grinnell, 1994) . Whether prolonged function in pain leads to durable changes in the phenotype of motoneurons and hence their participation in motor circuits to an extent that these effects are not easily reversed remains as a research question.
Higher-order effects beyond the scope of the motor unit need to be entertained as well. Consequences of altered motor function have also been described in CNS locations other than the motoneurons. Immobilization has been shown to reduce mRNA levels for neurotrophins and their high affinity receptors in the brain, especially in the hippocampus (Ueyama et al., 1997) . This area has been implicated in memory and learning, and it remains to be seen whether complaints of memory impairment of some patients with disabling widespread pain are linked to this finding.
Shift in Treatment Focus
The interdependence of pain and movement, including the clinical significance of this relationship, has been acknowledged for centuries. The statement found in the Corpus Hippocraticum-"Pain arising in a part of the body will be relieved by rest"-is offered in support of this fact (Hippocrates, 1928 (Turp et al., 1998b) . Because of the understanding gained in recent years that pain can cause abnormalities in motor function, including many of the symptoms and signs of patients with craniofacial pain (Lund and Sessle, 1994) , significant benefit is to be expected from better measures to control persistent pain itself.
Even an altered structural relationship can be attributed to the effect of pain. As an example, the most posterior position from which lateral mandibular movements can be performed is located more anteriorly in experimental pain than in the absence of pain. Subjects also acknowledge a change in their dental occlusion as a consequence of pain in the masticatory system (Obrez and Stohler, 1996 (Riise, 1982) . There is also evidence that other motor signs, such as the reduction in amplitude of maximum protrusion and laterotrusion, are the immediate consequence of pain and not the motor dysfunction that produces pain (Obrez and Stohler, 1996) .
With the improved understanding of the relationship between pain and motor function, including the inappropriateness of many clinical assumptions, we are also witnessing the emergence of a new body of literature that opens the door to exciting therapeutic opportunities. With increasing evidence supporting the view that pain causes changes in motor function, the treatment target is shifting from structural modifications to the control of persistent pain itself. This shift in emphasis is paralleled by farreaching discoveries in the field of pain that identify opportunities for novel treatments. This is welcome news for a patient suffering from persistent craniofacial pain of musculoskeletal origin. On the other hand, it should be understood that, in subsets of patients with failed TM joint implants, life-threatening situations could arise regardless of pain. ln many such patients, treatment has also caused irreversible damage to their dental occlusion that calls for structural correction regardless of pain. Obviously, the benefit of the control of persistent pain in these subsets of patients is of limited meaning.
Novel Treatment Targets
It is now recognized that prolonged pain fiber activity induces peripheral and central changes that have profound consequences on the processing of a range of stimuli and not just pain. Peripherally, thin afferent fibers are implicated in inducing a state of inflammation that is attributed to the release of neuropeptides from the excited afferent terminals and the release of catecholamines from post-ganglionic sympathetic efferent neurons (Levine et al., 1985) . Mediators of the neurogenic inflammation include a few short neuropeptides, such as substance P (SP, also known as NK1) and neurokinin A (NK2), somatostatin (SIH), calcitonin gene-related peptide (CGRP), and the vasoactive intestinal peptide (VIP).
When released peripherally, SP has been shown to stimulate the proliferation and differentiation of activated lymphocytes, to induce the synthesis of immunoglobulins, and to cause mast cell degranulation. Vasodilatation, changes in vascular permeability, plasma extravasation, and peripheral nerve sensitization are local consequences, and some of these events appear to be tissue-dependent, stimulus-specific, and age-and sex-dependent (Levine and Taiwo, 1994 (Schafer et al., 1994) .
Newer data specifically implicate the nerve growth factor (NGF) as a major peripheral contributor in inflammatory pain (Woolf et al., 1994; Levi-Montalcini et al., 1995) . First hints of its potential significance to craniofacial pain came from a phase I clinical trial that included the subcutaneous and intravenous injection of recombinant human NGF (rhNGF) at doses ranging up to 1 rig/kg.
The healthy human volunteers developed pain in the bulbar, jaw, and truncal musculature and described the observation as 'overuse' pain. Most subjects receiving rhNGF subcutaneously experienced hyperalgesia at the injection site that lasted up to 49 days. Diffuse myalgia developed about 60-90 minutes after intravenous administration. Pain tended to worsen with chewing, swallowing, and eye movements. The duration and severity of these myalgias varied in a dose-dependent manner, with women showing greater susceptibility to NGF-induced myalgia than men (Petty et al., 1994) . The significance of NGF is further amplified by the finding that primary sensory neurons tend to develop novel mechanosensitivity in the presence of NGF (Dmitrieva and McMahon, 1996) . On the other hand, the administration of synthetic trkA immunoglobulin G blocks the effects of NGF, and NGF antiserum, injected one hr before the induction of inflammation by intraplantar administration of complete Freund's adjuvant, has been shown to attenuate touchand-pinch responses (McMahon et al., 1995; Ma and Woolf, 1997) . This is potentially important, because mast cells, known to synthesize, store, and release NGF (Leon et al., 1994) , have been loosely linked to pain following experimental tooth-grinding. When compared with baseline, an increase of degranulating mast cells was observed in biopsies that were harvested 20 hrs after experimental tooth-grinding for 25 mins (Christensen, 1978) . Because more women than men are affected by persistent pain conditions, including the TM disorders, emerging data that establish a link between NGF and estrogen could be a key in further elucidating the pathogenesis of these conditions (Stohler, 1997) .
Effects in the central nervous system parallel the peripheral changes. Substance P, released in response to noxious stimulation, is found in high concentrations in the dorsal horn in locations where unmyelinated afferents terminate on second-order neurons (Hokfelt et al., 1975; Schaible et al., 1990) . Inflammation in the receptive field appears to be a significant factor because, in the absence of inflammation, internalization of the receptor/ligand (NK-1/SP) complex is found in only 22% of lamina I neurons following a five-second noxious mechanical stimulus in normal rats. In contrast, a nearmaximal internalization of the NK-1/SP complex (98%) was found in the presence of inflammation, with significant changes also occurring in laminae II-IV and rostro-513 10(4504-18 1999
Cri Re Ora Bio Me caudally as well (Abbadie et al., 1997 (Meyer and Campbell, 1981; Tbrebjbrk et al., 1992; Sang et al., 1996) . Recent studies have also identified new treatment targets that hold great promise. Attenuation of the effects of noxious stimuli and mechanical and thermal hyperalgesia was observed following the infusion into the spinal cord of a conjugate of substance P and the ribosome-inactivating protein saporin, with the reduction of the response being attributed to the cytotoxic effects on lamina I neurons . The fact that activation of the NMDA (N-methyl-D-aspartate)-type glutamate receptor causes release of substance P , the demonstration that altered properties of nociceptive neurons involve NMDA receptor mechanisms (Chiang et al., 1997) , and that hypoactivity of the spinal cannabinoid system results in an NMDAdependent hyperalgesia (Richardson et al., 1998) provide powerful clues for the discovery of new drugs. Great expectations are also attached to the possibility of inhibitors of protein kinase C gamma (PKCgamma) to facilitate the selective control of persistent pain. Mutant mice lacking the protein kinase C gamma (PKCgamma) almost completely fail to develop persistent neuropathic pain after partial sciatic nerve section. However, these animals exhibit normal responsivity to acute pain stimuli (Malmberg et al., 1997) . It is reasonable to project that novel types of treatments, such as selective inhibitors of PKCgamma, will likely have a profound impact on the treatment of persistent pain and its effect on motor function in the not-too-distant future.
